Alphaherpesviruses are pantropic, capable of infecting a variety of tissues and cell types. They are also able to establish latent infections in the peripheral nervous systems (PNSs) of their natural hosts. When latent PNS infections are reactivated, the infection spreads back to the peripheral tissues innervated by the PNS neurons. Occasionally, the infection spreads into the central nervous system, with serious consequences (21, 51) . A fascinating, yet poorly understood aspect of alphaherpesvirus infection is the control of directional spread in and out of the PNS. In particular, the ability of the virus to spread directionally from infected peripheral neurons is crucial for the continued survival of the virus and the host since reinfection of the surface epithelium often leads to minor skin lesions, such as cold sores, while directional spread into the brain often results in fatal encephalitis.
Another well-known, but poorly understood phenomenon during neuroinvasion is the capacity of most tested alphaherpesviruses to spread between synaptically connected neurons (circuit-specific transneuronal spread). Indeed, in vivo infections of various animal models have consistently recapitulated spread within specified neuronal circuits (3, 7, 9, 19) . Recent work demonstrates that particularly for attenuated strains of pseudorabies virus (PRV), viral infection can predict neural circuitry that had not been established previously (14, 22, 39-41, 57, 58) . However, the molecular mechanisms that guide this precise spread of alphaherpesvirus infection between neurons cannot be studied readily in animal models and, hence, remain poorly understood. To investigate the molecular basis of directional spread, in vitro systems that can successfully recapitulate directional spread of in vivo infections must be developed.
Recently, we and others have begun to study the directional spread of alphaherpesvirus infection by culturing neurons in modified Campenot chambers (6) . We first reported the use of a trichamber system (10) as a simple and tractable method to study neuron-to-cell transmission of infection in vitro. By physically isolating the cell bodies and distal axons of sympathetic neurons cultured from rat superior cervical ganglia in different compartments, we were able to study infection initiated from cell bodies and examine the spread of infection from neurons to epithelial cells during anterograde spread of infection. Alternatively, the chambers could be used to study the entry of virus at growth cones and the subsequent axon-mediated infection of the cell bodies.
In this report, we alter the location of neurons and target cells in the trichamber system in order to allow directional spread of infection from neurons to epithelial cells and then to naive, uninfected neurons in an opposing chamber. This plating method allowed us to study alphaherpesvirus spread from infected epithelial cells to neurons without having to introduce exogenous extracellular viral particles in the medium. We utilized herpes simplex virus type 1 (HSV-1) and PRV strains that do not express glycoprotein D (gD), the viral ligand required for receptor binding during initial entry of extracellular particles, to study contactmediated, cell-to-neuron spread of infection (4, 25, 31, 32, 44, 47, 53) . In the process of studying this direct cell-to-neuron spread, we discovered that PRV is capable of gD-independent, interaxonal spread between neurons. To our knowledge, this type of spread has not been reported during alphaherpesvirus infections. In addition, we used the trichamber system to examine the role of gD and two gD receptors, HVEM and nectin-1, in PRV and HSV-1 infection.
MATERIALS AND METHODS
Cells and virus strains. Porcine kidney epithelial cells (PK15) and monkey kidney epithelial cells (Vero C1008) were purchased from the American Type Culture collection (CCL-33 and CRL-1586, respectively). Mouse embryo fibroblasts were cultured from gestation day 13 embryos of Tnfrsf14 Ϫ/Ϫ (HVEMdeficient) mice (62) on the C57BL/6 background (F20 cells), C57BL/6 mice (F19 cells), Pvrl1 Ϫ/Ϫ (nectin-1-deficient) mice (30) of mixed genotype (F13 cells), and wild-type littermate controls for the Pvrl1 Ϫ/Ϫ mice (F12 cells). All nonneuronal cells were cultured in Dulbecco's modified Eagle medium supplemented in 10% fetal calf serum and 1% penicillin-streptomycin. PRV stocks used in this report include PRV Becker (Be), a virulent isolate (50) , and PRV Bartha (Ba), an attenuated vaccine strain (37) . Both PRV 151 (Be-GFP) and PRV 152 (Ba-GFP), which encode green fluorescent protein (GFP) and are expressed under the cytomegalovirus promoter in the gG locus, have been described previously (16) . PRV GS442 (a gD-null mutant in which the GFP gene replaces the gD open reading frame) was kindly provided by G. Smith (Northwestern University). This mutant also has been described previously (10) . The PRV strains that express the red fluorescence proteins (RFPs), PRV 614 (Ba-mRFP) and PRV 616 (Be-mRFP), are isogenic strains of PRV 152 and PRV 151, respectively, and were obtained from B. Banfield (University of Colorado) (5). All PRV stocks were propagated in PK15 cells except for complemented PRV GS442, which was expanded in a gD-expressing cell line (47) . Viral stocks of the PRV gD-null mutant, PRV GS442, that were not complemented with gD were prepared as follows: confluent dishes of PK15 cells were transfected with the bacterial artificial chromosome infectious clone pGS442. After several days, many infectious centers were visualized on the lawn of cells. These cells were then trypsinized and replated on a fresh monolayer of PK15 cells to expand the infection. The trypsinization and replating process was repeated three times until a complete cytopathic effect was observed for the entire monolayer of PK15 cells. Finally, both the PRV GS442-infected cells and the medium were harvested and used as viral stocks. The titer for the noncomplemented gD-null virus was determined on PK15 cells after treatment with polyethylene glycol (fusion assay) (55) .
For HSV-1 strains, we used the wild-type (F) strain as well as the gD-null mutant that expresses enhanced GFP (EGFP) (vRR1097; R. Roller, University of Iowa) (52) . The wild-type HSV-1 (F) strain was propagated in Vero C1008 cells, while the vRR1097 stocks were expanded in HSV gD complementing cells (VD-60; D. Johnson, Oregon Health and Science University).
Antibodies and dyes. We used antibodies that detected HSV VP16 and HSV gC (H. Friedman, University of Pennsylvania). Secondary Alexa fluorophores and the Hoechst nuclear dye were purchased from Molecular Probes.
Neuronal cultures. Detailed protocols for dissecting and culturing neurons have been published previously (11) . Briefly, sympathetic neurons from the superior cervical ganglia (SCG) were dissected from embryonic day 15.5 to embryonic day 16.5 pregnant Sprague-Dawley rats (Hilltop Labs, Inc., Scottdale, PA) and incubated in 250 g/ml of trypsin (Worthington Biochemicals) for 10 min. Trypsin inhibitor (1 mg/ml; Sigma Aldrich) was added to neutralize the trypsin for 3 min and then removed and replaced with neuron culture medium (described below). Prior to plating, the ganglia were triturated using a firepolished Pasteur pipette and then plated in the S, N, or both compartments of the Teflon ring, depending on the experiment. The Teflon ring was placed within a 35-mm plastic tissue culture dish coated with 500 g/ml of poly-DL-ornithine (Sigma Aldrich) diluted in borate buffer and 10 g/ml of natural mouse laminin (Invitrogen). The neuron culture medium is serum free and consists of Dulbecco's modified Eagle medium (Invitrogen) and Ham's F12 (Invitrogen) in a 1:1 ratio. The serum-free medium was further supplemented with 10 mg/ml of bovine serum albumin (Sigma Aldrich), 4.6 mg/ml glucose (J. T. Baker), 100 g/ml of holotransferrin (Sigma Aldrich), 16 g/ml of putrescine (Sigma Aldrich), 10 g/ml of insulin (Sigma Aldrich), 2 mM of L-glutamine (Invitrogen), 50 g/ml or U of penicillin-streptomycin (Invitrogen), 30 nM of selenium (Sigma Aldrich), 20 nM of progesterone (Sigma Aldrich), and 100 ng/ml of nerve growth factor 2.5S (Invitrogen). Two days after plating, the neuronal cultures were treated with 1 M of antimitotic drug cytosine ␤-D-arabinofuranoside (AraC; Sigma Aldrich) to eliminate any nonneuronal cells. The neuron culture medium was replaced every 3 to 4 days, and cultures were maintained in a humidified, CO 2 -regulated, 37°C incubator. All experimental protocols related to animal use were approved by the Institutional Animal Care and Use Committee of the Princeton University Research Board under protocol number 1452-AR2 and are in accordance with the regulations of the American Association for Accreditation of Laboratory Animal Care and those in the Animal Welfare Act (public law 99-198).
Trichamber culture system. Protocols for assembling the trichamber system have been described previously (10) . Briefly, all Teflon rings were purchased from Tyler Research (Alberta, Canada) and protocols were modified from previously published reports for Campenot chambers (6, 10) . Tools and reagents, including the Teflon rings and the silicone grease-loaded syringe (Dow Corning), were sterilized by autoclaving prior to assembly. To facilitate both the penetration of axons across the Teflon barriers and the processing for immunofluorescence, the chambers were assembled on the surface of the flexible thermoplastic fluoropolymer film known as Aclar (EM Sciences). Next, the Aclar was etched with a pin rake, creating a series of 16 evenly spaced grooves. The Aclar was then placed inside 35-mm tissue culture dishes, first coated with 500 g/ml of poly-DL-ornithine (Sigma Aldrich), followed by 10 g/ml of natural mouse laminin (Invitrogen), and then washed and dried. We used a silicone grease-loaded syringe attached to an 18-gauge truncated hypodermic needle to apply a thin, continuous strip of silicone grease over the entire bottom surface of the Teflon ring. Next, a 50-l drop of neuron medium containing 1% methocel (serum free) was placed in the center of each tissue culture dish covering the etched grooves. This step prevents the seal from being entirely devoid of moisture, which is needed for axon penetration. Finally, the silicone grease-coated ring was gently seated on the tissue culture dish or the surface of the Aclar such that the etched grooves spanned all three compartments, forming a watertight seal between compartments. Neuron medium was then placed in all three compartments immediately after the chamber was assembled. Once the SCG neurons were dissected and dissociated, approximately one half of a single ganglion was plated into the S, N, or both compartments, depending on experimental parameters (Fig. 1) . Neuron cultures were then maintained according to the protocols for culturing neurons reported above.
Assaying neuron-to-cell spread of infection. Neurons were cultured for approximately 2 weeks in the trichamber system with frequent medium changes. After 2 weeks, axon penetration into the M and N compartments was assessed visually and only cultures with comparable axon densities were used for experiments. After axons penetrated the N compartment, nonneuronal epithelial cells or fibroblasts permissive for either PRV or HSV infections were plated in the N compartment. For PK15 cells, the neuron medium in the N compartment was supplemented with 1% fetal bovine serum and allowed to attach and expand for 24 h prior to any experiment. However, for mouse embryonic fibroblasts, the neuron medium in the N compartment was supplemented with 10% fetal bovine serum and the cells were allowed to attach and expand for 48 h after plating to increase the viability of the cells.
Once the target cells in the N compartment were plated, neuron medium containing 1% methocel was placed in the M compartment. After 30 min, the neuronal cell bodies in the S compartment were infected with virus diluted in neuron medium (approximately 10 5 PFU) sufficient to essentially infect all cells. After 1 h, the viral inoculum was removed and replaced with neuron medium. The chambers were incubated in a humidified 37°C incubator until the time when the production of infectious virus in the S and N compartments was determined. Unless otherwise stated, both intracellular and extracellular virions in the S and N compartments were carefully harvested by scraping the bottom of the dish with the pointed end of a gel-loading tip. The cells and medium were then pooled and freeze-thawed, and titers were determined for either PK15 cells or Vero C1008 cells, depending on whether it was a PRV or HSV infection.
Studying axon-mediated infection of neuron cell bodies. Neurons were grown and cultured as described above except that epithelial cells were not plated in the N compartment. Neuron medium including 1% methocel was added to the M compartment and allowed to incubate for 30 min prior to infection. A viral inoculum with a high multiplicity of infection (MOI) was added to the N compartment and incubated for 1 h to allow virus entry. After 1 h of incubation, the viral inoculum was removed and replaced with neuron medium. At the appropriate time after infection, both intra-and extracellular virions were harvested from the S compartment and titers were determined for PK15 cells.
Assaying neuron-cell-neuron spread of PRV infection. The trichamber system was assembled as described above. However, SCG neurons were plated in both the S and the N compartments. After 4 to 7 days postplating, epithelial cells were usually plated in the M compartment. In some experiments where interaxonal spread of infection was studied, epithelial cells were omitted from the M compartment. After 24 h postplating, neuron medium made with 1% methocel was added to the M compartment and allowed to incubate for 30 min prior to infection. A viral inoculum with a high MOI was then added to S, N, or both compartments, depending on experimental parameters. The viral inoculum was incubated for 1 h before being replaced with neuron medium. At the appropriate time after infection, the total contents of the compartments were harvested and titers were determined for PK15 cells.
Indirect immunofluorescence and epifluorescence microscopy. Immunofluorescence protocols have been described previously (11) . After the infection of neurons in the S compartment, all three compartments were washed once with phosphate-buffered saline (PBS) and fixed with 3.2% paraformaldehyde for 10 min at room temperature. The fixative was removed, and the cells were washed two to three times with PBS, depending on the integrity of the neuron cultures. After the wash, the Teflon ring was gently separated from the Aclar and the remaining silicone grease was carefully removed so as not to dislodge the neurons. The Aclar was trimmed to facilitate processing of the samples for immunofluorescence imaging.
The Aclar sample was then incubated in PBS containing 3% bovine serum albumin and 0.5% saponin for 10 min before the addition of primary antibodies for 1 h. After the incubation, the primary antibodies were removed and the sample was washed three times with PBS containing 3% bovine serum albumin and 0.5% saponin. The process was repeated with secondary antibodies before the sample on Aclar was mounted on a glass slide by using Aqua poly/mount (Polysciences). A coverslip was then placed on top of the sample, and the Aqua poly/mount was allowed to dry for 24 h prior to imaging.
For direct live fluorescence imaging of green and red fluorescence proteins, the entire trichamber system in the tissue culture dish was placed on the stage of an inverted epifluorescence microscope (Nikon Eclipse TE300) and imaged directly using the appropriate excitation and emission filters. For the live imaging experiments, neurons in the chambers were often imaged prior to being harvested for titers to be determined. Since the excitation beam path has to penetrate the plastic tissue culture dishes before reaching the sample, the resolution and intensity of the images collected are often lower than those of confocal microscopy. While the fine structures of axons are difficult to discern, the state of infection of individual cells can be determined easily.
RESULTS
Studying neuron-cell-neuron spread of PRV infection in the trichamber system. We prepared a compartmented system of cultured neurons and epithelial cells that mimicked the basic parameters of spread of alphaherpesvirus infection in and out of the peripheral nervous system. The major components of the trichamber system have been described previously (10) . As shown in Fig. 1 , the basic setup to study neuron-cell-neuron spread of infection is similar to that used to study neuron-tocell spread of infection. In the neuron-to-cell spread assay, dissociated neurons are plated in only the S compartment and are allowed to mature and extend axons into the M compartment and then into the N compartment. However, in the neuron-cell-neuron assay, dissociated neurons are plated in both the S and the N compartments so that their axons enter the M compartment from either side. Once the neurons mature for 4 to 7 days and extend their neurites into the M compartment, epithelial cells (PK15, a transformed swine kidney cell line) are plated in the M compartment and allowed to attach to the surface of the dish for at least 24 h. The neuron medium in the M compartment is then replaced with 1% methocel prior to infection. This method and timing of plating allow the neuron cell bodies plated in the side compartments to extend their axons and contact the epithelial cells plated in the M compartment. Infection is initiated from neuron cell bodies in the S compartment and spreads via axons to the epithelial cells in the M compartment and then enters axons from neuronal cell bodies in the N compartment. The infection of neuron cell bodies in the N compartment completes the neuron-cell-neuron circuit.
PRV gD is not required for neuron-cell-neuron spread of infection. Using the initial setup described in the legend for Fig. 1 , we wanted to determine whether the spread of PRV infection occurs from neurons to target cells and back to neurons. We also wanted to examine whether the viral ligand gD is required for this type of spread since PRV gD is not required for cell-to-cell spread of infection. We infected neurons in the S compartment with either PRV 151 (wild-type PRV expressing GFP) or PRV GS442 (gD-null PRV expressing GFP and grown on a gD-complementing cell line) at a high MOI. Note that PRV 151 has the GFP gene inserted in the gG locus and is transcribed from the human cytomegalovirus promoter. PRV GS442 has the GFP gene replacing the gD gene and is transcribed from the gD promoter. As a result, GFP expression in PRV 151-infected cells is earlier and stronger than GFP expression from PRV GS442-infected cells. Five duplicate chambers were used for each set of infections. After 48 h, the total contents of the S and N compartments were harvested and titers were determined for PK15 cells. As shown in Fig. 2A , we detected approximately 10 5 PFU in the S and N compartments of neurons infected with PRV 151. We could also detect GFP expression by 24 h postinfection. PRV 151-infected neuron cell bodies in both S and N compartments were infected and expressing GFP (Fig. 2B, panel a) . By comparing GFP-positive cells with the total neuronal cells, we noted that all the neuronal cell bodies in the S compartment (Fig. 2B, panel b) , but not in the N compartment, were infected (Fig. 2B, panel d) .
Unlike PRV 151 infections, no infectious particles were detected in any of the compartments infected with PRV GS442 (Fig. 2A) . As predicted, the complemented gD-null virus can infect once but the resulting gD-null progeny from the infection are noninfectious. We also observed GFP expression in neuronal cell bodies in both the S and the N compartments. This result is similar to that observed for a PRV 151 infection, but the expression and GFP fluorescence were weaker in a GS442 infection (Fig. 2B, panel h ). In addition, epithelial cells in the M compartment became infected (Fig. 2B, panel g ). Apparently, gD is not required for the transmission of infection from epithelial cells to neurons (Fig. 2B, panel e) .
PRV infection spreads from neuron to neuron via adjacent axons in a gD-independent manner and in the absence of epithelial cells. The previous experiment established that gD is not required for neuron-cell-neuron spread of infection. Next, we sought to detect in more direct fashion the apparent spread of infection from axon to an uninfected axon. Based on our initial experiments described above, we hypothesized that in the absence of epithelial cells in the M compartment, no spread should occur. Dissociated neurons were cultured in both the S and the N compartments. After 6 days, we visually confirmed that axons from both side compartments had successfully penetrated the silicone grease barrier and reached the midsection of the M compartment. We then added methocel in the M compartment prior to infecting neurons in the S compartment with either PRV 151 or PRV GS442. At 24 h postinfection, the total contents of the S and N compartments were harvested and titers were determined for PK15 cells.
Remarkably, we recovered approximately 10 4 PFU of PRV 151 from the neurons in the N compartment (Fig. 3A) . By GFP expression, neurons in both the S and the N compartments were infected with either PRV 151 (Fig. 3B , panels a through d) or PRV GS442 (Fig. 3B , panels e through h). The number of neurons infected with PRV GS442 in the N compartment was lower than the number found with PRV 151 infection. This experiment supports the notion that infection can spread directly between adjacent axons that are presumably in close proximity. This form of interaxonal spread is gD independent.
Neurons in the side compartments do not extend axons beyond the M compartment. The unexpected spread of infection between neurons via adjacent axons in the absence of epithelial cells in the M compartment (Fig. 3) could be explained by the penetration of axons through the M compartment into the opposing compartment. For example, neurons cultured in the S compartment might extend axons into the N compartment and vice versa. While this occurrence is unlikely given the short duration that neurons are grown in culture prior to infection (5 to 8 days), it was important to eliminate the possibility that the spread of infection is due to the infection of cell bodies by rare axons that completely penetrate the M compartment.
We took advantage of a directional spread mutant, PRV Bartha. PRV Bartha can spread only from postsynaptic to presynaptic neurons; it cannot spread from presynaptic to postsynaptic neurons. This phenotype results because virion structural proteins cannot be targeted to axons in PRV Barthainfected cells; hence, the spread of infection via axons is impossible. We infected neurons in the S compartment with PRV 152, a GFP reporter derivative of PRV Bartha. We reasoned that if neurons cultured in the N compartment extended axons to the S compartment, then PRV 152 will infect these particular neurons in the N compartment only if they project axons into the S compartment.
We assembled the chambers and cultured neurons in both the S and the N compartments for 6 days as previously described. One day prior to infection, we plated epithelial cells in the M compartment of half the chambers used in the experiment. We then infected the neurons in the S compartment with PRV 151, PRV 152, and GS442 at a high MOI. At 24 h postinfection, epifluorescence images of the compartments were obtained and the contents of both the S and the N compartments were harvested and titers were determined for PK15 cells. Our results indicate that regardless of whether epithelial cells were plated in the M compartment, PRV 152 was never detected in the N compartment either by the titer assay (Fig. 4A) or by the visualization of GFP expression of infected neurons (Fig. 4B, panels g and j) .
We also performed experiments with neurons plated at 5, 6, and 8 days. In all the experiments, PRV 152 never infected neurons in the N compartment, indicating that at least up to 8 days postplating, axons extending from the N compartment do not grow rapidly enough to penetrate into the S compartment (data not shown). We also repeated the above experiment with PRV 614 and PRV 616, derivatives of PRV Bartha that express RFPs (Table 1) , and obtained similar results (data not shown).
Axons in the M compartment must be in close proximity for spread of PRV infection. Previously, we reported that few, if any, extracellular virions were released into the media from axons in the N compartment (10) . However, we cannot rule out the possibility that a few extracellular virions were released and subsequently entered an adjacent, uninfected growth cone. We wanted to determine whether the axon-axon spread of infection we are postulating requires close contact of infected and uninfected axons. To test this hypothesis, we prevented close contact of the axons in the M compartment that extended from either of the side compartments. We did this by using an insect pin to etch a narrow groove in the middle of the M compartment parallel with the central Teflon barriers but perpendicular to the series of 16 evenly spaced grooves. As a result, when neurons are cultured in both the S and the N compartments, the axons will penetrate through the silicone grease barriers into the M compartment but the perpendicular groove will stop further axon growth. Since the groove is small, the axons still will be in close proximity but will not be in close contact with each other (Fig. 5C, panel a) .
We prepared the chambers as described above and etched the perpendicular groove in the M compartment prior to plating dissociated neurons. We then infected the neurons in the S compartment after 7 days postplating with either PRV 151 or GS442 at a high MOI. At 48 h, we harvested, and titers were determined for, the total contents of the S, M, and N compartments. Unexpectedly, we detected virus in the N compartment even in the presence of the groove (Fig. 5A) . Upon closer examination of the midline groove, we noticed that a small number of axons managed to migrate over the groove, allowing the infection to spread from neurons in the S to N compartments. In these studies, it is noteworthy that we recovered a small amount of infectious material in the M compartment.
To rectify this problem, we again assembled chambers as described above, but only half of the chambers were etched with the midline groove in the M compartment. At 10 days postplating, we gently dragged the insect pin 10 times over the original midline groove to ensure that all remaining axonal connections were severed. Neurons in the S compartment were then infected at a high MOI with PRV 151 or GS442. After 48 h, the total contents of the compartments were harvested and titers were determined for PK15 cells. By severing the axons prior to infection, the presence of the midline groove completely blocked transmission of infection to cell bodies in the N compartment (Fig. 5B) . No plaques were detected in the FIG. 3 . PRV can spread interaxonally in a gD-independent manner from neuron to neuron in the absence of target cells in the M compartment. (A) SCG neurons were plated in both S and N compartments. At 6 days after plating, neurons in the S compartment were infected with PRV 151 and PRV GS442 at a high MOI. After 24 h, the total contents of the S and N compartments were harvested and titers were determined for PK15 cells. Five chambers were used for each set of infections. The open circle beside each data set represents the average value for that particular set of data. The standard deviations are Ϯ1.5 ϫ 10 5 for the S compartment and Ϯ3.9 ϫ 10 3 for the N compartment. (B) Chambers were set up and infected with PRV as described above. At 24 h postinfection, the EGFP expressed in cells infected with PRV 151 (a to d) or PRV GS442 (e to h) was imaged live using an epifluorescence microscope (b, d, f, and h). The absence of infected neurons in the N compartment was also verified by the lack of GFP expression in infected neurons (data not shown). In contrast, neurons grown in chambers without the midline groove were readily infected with either PRV 151 or GS442 as determined by the presence of infectious virions (Fig. 5B) or by GFP expression in infected neurons in the N compartment (data not shown). Next, we demonstrated that if extracellular virions were produced, they would not diffuse easily in methocel-containing medium. We prepared chambers containing the midline groove similar to those described for Fig. 5B and plated PK15 epithelial cells in the M compartment (Fig. 5C, panel b) . While PK15 epithelial cells readily attached to the surface of the dish in the M compartment, no cells were able to attach on the midline groove. We then infected the neurons in the S compartment with PRV 151 and observed infection in the epithelial cells. In each of the chambers tested, methocel was present in the M compartment. In all cases, the infection was unable to spread beyond the midline groove and only the epithelial cells closest to the S compartment were infected and expressed GFP (Fig. 5C, panel c) . This result confirms that (i) methocel-containing medium is an excellent retardant of virion diffusion, (ii) no axons can grow across the midline groove after our treatment, and (iii) interaxonal spread of infection between neurons requires adjacent axons to either be in close proximity or be in contact with each other.
PRV gD is required for virion entry at growth cones as well as in axon-axon-mediated infection. gD is the viral ligand responsible for the engagement of receptors required for the attachment and entry of alphaherpesviruses at the plasma membrane. However, the role of gD in virion entry at growth cones or axon terminals has not been well studied. To study this question, we cultured neurons in the S compartment for 2 weeks and then added viral inoculum from noncomplemented PRV GS442 in the axons that penetrated into the N compartment. We then measured and observed the spread of infection to the cell bodies in the S compartment (axon-mediated infection).
To prepare gD-null virions, we transfected pGS442 bacterial artificial chromosome DNA into noncomplementing PK15 cells and isolated the noninfectious virions. Using the polyethylene glycol fusion assay described previously by Spear and colleagues (55), we calculated the titer of these gD-null virions to be approximately 10 6 PFU/ml. Based on that titer, we added an equivalent high MOI viral inoculum of PRV 151, PRV GS442, or the noncomplemented PRV GS442 virions to axons in the N compartment. At 48 h postinfection, the contents of the S compartment were harvested and titers were determined for PK15 cells. Only PRV 151-infected neurons produced infectious particles (10 6 PFU) (Fig. 6A) . As expected, no plaques were detected after infection with either PRV GS442-complemented or noncomplemented infected neurons. GFP expression was easily detected for both PRV 151-and complemented PRV GS442-infected neurons, but it was absent for the noncomplemented PRV GS442 (Fig. 6B) . We conclude that gD is required for the entry of extracellular virions at growth cones and terminals. In addition, we conclude that gD is not required for the spread of infection from neuron to neuron via adjacent axons in the M compartment as shown in Fig. 3 .
PRV spreads efficiently in a gD-independent manner from neurons to nonneuronal cells lacking either HVEM or nectin-1. Both HVEM and nectin-1 have been well established as cellular receptors that can mediate entry of HSV (60) . However, for PRV, only nectin-1 or other members of the nectin family have been demonstrated as entry receptors (24) . To test whether nectin-1 or HVEM is required for the spread of infection from neurons to cells, we used primary mouse embryonic fibroblasts lacking either nectin-1 (F13) or HVEM (F20) as target nonneuronal cells (30, 63) . As controls, we used fibroblasts from the corresponding wild-type mice for either nectin-1 knockout mice (F12) or HVEM knockout mice (F19). Neurons were cultured in the S compartment for 2 weeks to allow maximum axonal penetration into the N compartment. The mouse embryonic fibroblasts (F12, F13, F19, and F20) were then plated in the N compartment for 48 h.
We infected the neurons in the S compartment with either PRV 151 or GS442 at a high MOI for 48 h before the total contents of both the S and the N compartments were harvested and titers were determined for PK15 cells. The results show that both wild-type PRV and GS442 spread efficiently from FIG. 4 . Neurons cultured up to 6 days extend neurites into the M but not into the N compartment (comp). (A) SCG neurons were cultured in both S and N compartments. After 6 days, we plated PK15 cells in the M compartment of half the chambers used in the experiment. Twenty-four hours after we plated the PK15 cells, we infected the neurons in S compartments with PRV 151, PRV 152, or GS442. At 24 h postinfection, the total contents of the S and N compartments were harvested and titers were determined for PK15 cells. Three chambers were used in each type of infection. The circle beside each data set represents the average value for that set of data. The standard deviations for the S compartment are Ϯ5. N compartment (b, g, l, e, j, and o) . Ϫ, absence of; ϩ, presence of. neurons to the fibroblasts in the absence of nectin-1 (Fig. 7A) or HVEM (Fig. 7B) . While GS442 can spread to fibroblasts in the N compartment, the rate of spread is lower than that with wild-type infection, as evident by the slower appearance of GFP expression and lower viral titers (data not shown). Furthermore, viral infection, as assayed by GFP fluorescence, is harder to detect in the plated fibroblasts. We observed that unlike epithelial cells, infected fibroblasts rapidly detach from . (B) SCG neurons were plated in both S and N compartments. For half the chambers, a midline groove parallel to the central Teflon barriers was etched onto the tissue culture dish prior to plating the neurons. At 10 days after plating, we used an insect pin to sever the axons that penetrate the midline groove by gently dragging the pin over the midline groove 10 times. The S compartment was then infected with PRV 151 or PRV GS442 at a high MOI. After 48 h, the total contents of the S and N compartments were harvested and titers were determined for PK15 cells. Three chambers were used for each set of infections. The open circle beside each data set represents the average value for that particular set of data. The standard deviations for the S compartment are Ϯ9.2 ϫ 10 4 (ϩGroove 151), Ϯ2.0 ϫ 10 2 (ϩGroove 442), Ϯ1.1 ϫ 10 5 (ϪGroove 151), and Ϯ7.9 ϫ 10 1 (ϪGroove 442), and that for the N compartment is Ϯ1.2 ϫ 10 5 (ϪGroove 151). (C) Chambers were set up as described for panel A, and a transmitted light image of the M compartment near the midline groove was taken (a). Chambers were also set up using conditions described for panel B, and in addition, PK15 cells were plated in the M compartment. No cells attached on the midline groove. The S compartment was subsequently infected with PRV 151, and the expression of EGFP in infected PK15 cells in the M compartment was visualized using epifluorescence microscopy (b and c).
the surface of the dish, making it harder to detect GFP fluorescence of infected cells. Thus, we conclude that anterograde spread from neuron to nonneuronal cells does not require gD and also does not require nectin-1 or HVEM.
Wild-type HSV-1 can spread from neurons to fibroblasts with single gene knockouts of either nectin-1 or HVEM. These experiments determined whether the lack of cellular receptor nectin-1 or HVEM in the fibroblasts prevents wild-type HSV-1 from spreading across the neuron-cell junction. We assembled the chamber and cultured neurons exactly as described for the previous experiment for PRV infections. Next, we infected neurons in the S compartment with wild-type HSV (F). At 48 h FIG. 6. PRV gD is required for entry at growth cones and subsequent axon-mediated infection of neuron cell bodies. (A) SCG neurons were plated in the S compartment and cultured for 2 weeks to allow neurites to penetrate the N compartment. High-MOI viral inocula of PRV 151, PRV GS442 propagated in cells expressing gD (GS442 complemented), and PRV GS442 propagated in noncomplemented PK15 cells (GS442 noncomplemented) were then added to the exposed neurites in the N compartment. At 48 h postinfection, the total contents of the S compartment were harvested and titers were determined for PK15 cells. Five chambers were used for each set of infections, and the open circle beside each data set represents the average value for that particular set of data. The standard deviation for the S compartment is Ϯ3.9 ϫ 10 5 . (B) Chambers were set up as described above and images of the infected neurons in the S compartment were obtained, live, via epifluorescence microscopy prior to harvesting the cells for titers to be determined. Both PRV 151 (a and d) and PRV GS442 (b, c, e, and f) express EGFP in infected cells. postinfection, total cell lysates in both the S and the N compartments were harvested and titers were determined for Vero cells. HSV-1 (F) can spread efficiently from neurons to fibroblasts lacking HVEM (F20) as well as to cells derived from wild-type control mice (F19). We conclude that the lack of HVEM in the fibroblasts does not compromise the ability of wild-type HSV-1 to spread efficiently from SCG neurons to nonneuronal cells (Fig. 8B) . However, we noted that HSV (F) produces lower titers in the N compartment when the epithelial cells do not express nectin-1 (F13) (Fig. 8A) . This finding may indicate that nectin-1 is required for the efficient spread of HSV (F) across the neuron-cell junction or that nectin-1 is required for the efficient spread among fibroblasts in the N compartment. We also immunostained infected fibroblasts with antibodies against VP16 or gC. All the cells used in this experiment, F12, F13, F19, and F20, could be infected with HSV (F) by these measurements (Fig. 8C) . HSV gD is absolutely required for spread from neurons to epithelial cells. Unlike PRV gD, HSV-1 gD is essential for transneuronal spread of infection in the rat retina (18) . For both PRV and HSV-1, gD is required for infection by extracellular particles as well (26, 36) . We determined whether gD is required for HSV to spread from neurons to target cells in the chamber system. We assembled the chambers as described for the previous experiment, represented by Fig. 8A and B, and infected neurons in the S compartment with HSV gD null (vRR1097) grown in a complementing cell line at a high MOI. The gD open reading frame of vRR1097 has been replaced with the GFP gene. As expected, vRR1097-infected neurons produced no detectable infectious particles in either the S or the N compartment. The small number of plaques detected in the N compartment represents the residual complemented gD plus virus inoculum (Fig. 8A and B) .
Importantly, all the neurons in the S compartment were infected by complemented vRR1097 as evident by the expression and autofluorescence of GFP (data not shown). In the N compartment, all target cells, regardless of genotype, infected with the wild-type HSV (F) strain were stained with antibodies against VP16 (Fig. 8C, panels a, g , m, and s) and gC (panels b, h, n, and t). In all cases, VP16 and gC were expressed in all infected cells, indicating that the wild-type HSV (F) strain can infect cells that do not express nectin-1 or HVEM. In contrast, vRR1097 did not spread from infected neurons to any of the plated fibroblasts in the N compartment. This conclusion comes from the lack of staining with either VP16 (Fig. 8C , panels d, j, p, and v) or gC (panels e, k, q, and w) antibodies. We conclude that, unlike the case for PRV, the HSV gD protein is absolutely required for neuron-to-cell spread and that gD-null mutants cannot spread across the neuron-cell junction. However, the absence of either HVEM or nectin-1 in the target fibroblast did not prevent neuron-to-cell spread.
DISCUSSION
In this report, we initially set out to demonstrate the flexibility of the trichamber system by developing a method to study directional spread of infection between epithelial cells and PNS neurons. However, we quickly discovered that plating epithelial cells in the M compartment was unnecessary in this study since PRV is able to spread directly between axons in a gD-independent manner. Hence, we were unable to study the direct spread of infection from neurons to cells and vice versa. Whether all alphaherpesviruses are able to spread directly between axons remains to be tested. However, for viruses that are not capable of spreading interaxonally, the trichamber system remains a feasible method to study neuron-cell-neuron spread of infection.
In our experiments, we repeatedly demonstrated that gD is not required for neuron-to-cell spread. This result is not entirely surprising given the numerous reports in the literature that have demonstrated that PRV gD is not required for cellto-cell and transneuronal spread of infection both in cell culture and in animal models (10, 25, 45, 47, 48) . However, our observations that the virus is able to spread directly between axons was unexpected since we initially postulated that the PK15 epithelial cell monolayer in the M compartment was required as a bridge or conduit for the infection to spread between the neuronal cultures from either side compartment. We also discovered that this form of axon-axon spread is gD independent and requires that the adjacent axons growing from opposing compartments be in close proximity since a small groove in the M compartment blocks any form of spread.
Rather than axon-axon spread, an alternative explanation is that axons from cell bodies in one side compartment have completely penetrated the M compartment and entered the other side compartment. This possibility seems unlikely for two reasons. First, based on previous observations, we noted that up to 7 days after plating, axon growth cones do not grow fast FIG. 7 . PRV spreads efficiently in a gD-independent manner from neurons to target cells lacking either HVEM or nectin-1. (A) SCG neurons were plated in the S compartment (comp) for 2 weeks to allow neurite maturation. Mouse embryonic fibroblasts that do not express nectin-1 (F13) and cells derived from the wild-type littermate control for the nectin-1 knockout mouse (F12) were plated in the N compartment. After 48 h, the neurons in the S compartment were infected with PRV 151 and PRV GS442 at a high MOI and the infection was allowed to proceed for another 48 h before the total contents of the S and N compartments were harvested and titers were determined for PK15 cells. Three chambers were used for each set of infections and the open circle beside each data set represents the average value for that particular set of data. (A) SCG neurons were plated in the S compartment (comp) for 2 weeks to allow neurite maturation. Mouse embryonic fibroblasts that do not express nectin-1 (F13) and cells derived from the wild-type littermate control for the nectin-1 knockout mouse (F12) were plated in the N compartment. After 48 h, the neurons in the S compartment were infected at a high MOI with HSV-1 (F) strain or vRR1097 (gD-null virus propagated in a gD-expressing cell line) and the infection was allowed to proceed for another 48 h before the total contents of the S and N compartments were harvested and titers were determined for Vero C1008 cells. Three chambers were used for each set of infections, and enough to penetrate from S to N compartment and vice versa. Second, we used a directional spread PRV mutant strain to prove that rare axons from opposite compartment neurons were not present in our cultures. PRV Bartha, which is defective for anterograde, but not retrograde spread of infection, was used as a probe for retrograde entry into axons and infection of distant cell bodies (10) . If any exposed growth cones or varicosities were present in the S compartment where the PRV Bartha infection was initiated, then neurons in the N compartment would be infected. We did not observe any infection of cell bodies in the N compartment by PRV Bartha. We also performed independent infections with other Bartha strains with different reporters and showed essentially the same result (data not shown).
How can PRV infection spread transneuronally across adjacent axons in a gD-independent manner in the absence of cocultured epithelial cells? One possibility is that free particles mediate this axon-axon infection, but gD is not required for the entry of extracellular particles in distal axons. While we previously reported that no detectable extracellular particles were released in the medium of distal infected axons, it is possible that released particles remain associated with the axolemma. The prediction is that gD-null virions will readily enter and infect a naïve distal axon. We prepared stocks of gD-null viral mutants in noncomplementing PK15 cells by transfection of gD-null mutant DNA. Using a high MOI infection of the gD-null virions, we infected the distal axons in the N compartment. We saw no signs of infection and we concluded that PRV gD is absolutely required for the entry of virions at distal axons. Furthermore, the spread of infection between adjacent axons most likely does not occur via extracellular particle infection.
How then does PRV spread between adjacent axons in a gD-independent manner? We propose that this interaxonal spread is mediated at specific axo-axonal contacts between neurons, perhaps through interactions at the varicosities and growth cones from adjacent neurons. Indeed, cultured sympathetic neurons form not only axo-axonal synapses but also axo-dendritic and axo-glial synapses (2) . These synapses are functional and are likely to have in vivo significance since sympathetic neuron innervation regulates and maintains normal function and phenotypes of parasympathetic neurons (59) . In support of this idea, recent publications described below demonstrate that egressing capsids can exit at specific sites along distal axon shafts, such as axon terminals, varicosities, and growth cones. We previously showed in the trichamber system that clusters of infected epithelial cells could be found at discrete sites along distal axons that enter the N compartment (data not shown) (10) . Some in vivo data support the idea that PRV exits at distinct sites along axon shafts. Tomishima and Enquist demonstrated that in a rodent visual system of PRV infection, infection can spread not only from the axon terminals in the optic tectum but also at specific sites in the optic nerve where glial cells make contact along the axon shafts during anterograde spread of infection (62) . More recently, De Regge et al. showed that PRV glycoprotein D interacts with sensory trigeminal ganglion neurons and triggers the formation of varicosities that serve as axonal exit sites for egressing virus (17) . Saksena et al. also reported that HSV-1 accumulates, envelopes, and exits near growth cones and varicosities in middistal regions of the axon (54) .
While these papers present compelling evidence that alphaherpesviruses can egress and exit from specific axonal structures, the nature of transneuronal spread and the composition of the viral particle that mediates this spread remain contested. Part of this long-standing controversy surrounds the location where the viral capsid obtains its final envelope in neurons. Data accumulated from work with PRV and HSV suggest two possibilities. First, the capsid could acquire the membrane in the neuronal cell body and rely on the neuronal secretory and axonal targeting pathway to transport the mature virus particle to distal axonal structures (1, 8, 10, 13, 15, 20, 27, 28, 33, 35, 38, 54, 64) . Alternatively, the unenveloped viral capsid with inner tegument proteins could engage the axonal transport machinery and travel down the length of the axon before acquiring the final envelope and outer tegument proteins at or near distal axonal structures, such as varicosities and growth cones or terminals (29, 34, 42, 43, 46, 49) . Currently, we know little about the process of release of virions at or near a synapse in vivo. It also is unclear how infection can spread transneuronally or from neuron to cell or vice versa in a gD-independent manner. The implication has been that an extracellular particle is not involved, but direct proof for this suggestion has not been easy to obtain. It is plausible that closely apposed preand postsynaptic membranes could fuse in some unknown limited fashion and mediate the spread of infection, but this mechanism begs the question of what type of particle is transferred between the axons. Alternatively, if a mature viral particle is released in the synaptic cleft, it is possible that the virus particle may be trapped in the cleft and fusion with the postsynaptic membrane may occur in a gD-and receptor-independent manner simply because the membranes are in such close opposition. This controversy can be resolved once we can visualize and track particle movement across the synapse via a comthe open circle beside each data set represents the average value for that particular set of data. The standard deviations for the S compartment are Ϯ2.6 ϫ 10 5 for F-F12, Ϯ6.9 ϫ 10 4 for F-F13, Ϯ8.3 ϫ 10 1 for 1097-F12, and Ϯ9.3 ϫ 10 1 for 1097-F13; those for the N compartment are Ϯ7.6 ϫ 10 4 for F-F12 and Ϯ6.1 ϫ 10 3 for F-F13. (B) The same experiment as described for panel A, except the target cells plated in the N compartment were mouse embryonic fibroblasts that do not express HVEM (F20) and the corresponding wild-type littermate control for the HVEM knockout mouse (F19). Three chambers were used for each set of infections, and the open circle beside each data set represents the average value for that particular set of data. The standard deviations for the S compartment are Ϯ6.1 ϫ 10 4 for F-F19, Ϯ1.3 ϫ 10 5 for F-F20, Ϯ2.1 ϫ 10 2 for 1097-F19, and Ϯ2.3 ϫ 10 1 for 1097-F20; those for the N compartment are Ϯ1.3 ϫ 10 5 for F-F19 and Ϯ9.2 ϫ 10 4 for F-F20. (C) Chambers were set up as described above, and neurons in the S compartment were infected with either HSV-1 (F) (a to c, g to i, m to o, and s to u) or vRR1097 (d to f, j to l, p to r, and v to x). At 48 h postinfection, the chambers were disassembled and cells were fixed and immunostained with VP16 (a, d, g, j, m, p, s, and v), gC (b, e, h, k, n, q, t, and w), or Hoechst nuclear dye (c, f, i, l, o, r, u, and x). Images shown in this figure are fibroblasts F12 (a to f), F13 (g to l), F19 (m to r), and F20 (s to x) plated in the N compartment. Our experiments with fibroblasts lacking nectin-1 or HVEM indicated that PRV can enter and spread efficiently in fibroblasts lacking either of those two proteins. It has been shown that nectin-1 interacts with PRV gD and serves as the cellular entry receptor (12, 23) . However, it is likely that other cellular receptors besides nectin-1 will function as entry receptors for PRV. Indeed, PRV gD-null mutants that are capable of infecting and spreading in cell cultures have been isolated under a selective environment (32, 56) . This indicates that non-gDmediated cellular entry receptors exist and can be used by PRV to enter cells even in the absence of nectin-1 or HVEM. The same reasoning can be applied to HSV-1 infection of cultured fibroblasts lacking either HVEM or nectin-1. In the absence of HVEM, HSV-1 will use nectin-1 as the primary entry receptor and vice versa (60) . The fact that lower titers were observed in nectin-1 knockout fibroblasts may suggest that nectin-1 is a more efficient entry receptor than HVEM is. To summarize, a single gene knockout of either HVEM or nectin-1 in fibroblasts does not prevent entry and subsequent spread of either HSV-1 or PRV. However, a double knockout of HVEM and nectin-1 genes in mutant mice made those mice nonsusceptible to HSV-1 infection in the vaginal epithelia (61) .
Our results from the trichamber system agree with data collected from studies of PRV and HSV-1 spread of infection in animal nervous system models. Indeed, a PRV gD-null mutant cannot infect neurons at growth cones but once it manages to enter neurons, subsequent transneuronal spread between neurons or between neurons and cells is gD independent (10, 25, 45, 47, 48) . In contrast, gD is required for HSV to successfully infect cells via extracellular particles as well as subsequent cell-to-cell spread of infection (18) .
